Although Streptomyces coelicolor is not resistant to tellurite, it possesses several TerD domain-encoding (tdd) genes of unknown function. To elucidate the function of tdd8, the transcriptomes of S. coelicolor strain M145 and of a tdd8 deletion mutant derivative (the ⌬tdd8 strain) were compared. Several orthologs of Mycobacterium tuberculosis genes involved in dormancy survival were upregulated in the deletion mutant at the visual onset of prodiginine production. These genes are organized in a putative redox stress response cluster comprising two large loci. A binding motif similar to the dormancy survival regulator (DosR) binding site of M. tuberculosis has been identified in the upstream sequences of most genes in these loci. A predicted role for these genes in the redox stress response is supported by the low NAD ؉ /NADH ratio in the ⌬tdd8 strain. This S. coelicolor gene cluster was shown to be induced by hypoxia and NO stress. While the tdd8 deletion mutant (the ⌬tdd8 strain) was unable to maintain calcium homeostasis in a calcium-depleted medium, the addition of Ca 2؉ in ⌬tdd8 culture medium reduced the expression of several genes of the redox stress response cluster. The results shown in this work are consistent with Tdd8 playing a significant role in calcium homeostasis and redox stress adaptation.
S
treptomyces coelicolor M145 is a soil-dwelling, obligatory aerobic Gram-positive bacterium with high GϩC content (1) . This filamentous bacterium is characterized by morphological development starting from vegetative hyphae which grow from their tips and, after a short transition period where programmed cell death takes place, give rise to an aerial mycelium, eventually fragmenting to produce chains of smooth spores (2) . The transition period and the aerial mycelium growth period also mark the time when numerous and various genes are modulated in order to allow the production of secondary metabolites, such as the prodiginine (Red) antibiotic. Although no or limited sporulation of S. coelicolor occurs in liquid media, morphological differentiation evidenced by the formation of a first compartmentalized mycelium which is then replaced by a second multinucleated mycelium has been observed (3, 4) .
S. coelicolor M145 has a large genome of 7,845 genes whose expression is regulated by complex control systems that allow the growth and the survival of the bacterium under conditions of different environmental stresses. The 21 TerD domain-encoding genes (tdd genes) appear among the genes that are often expressed under stress conditions (5) (6) (7) (8) (9) . The TerD motif, defined as a bacterial stress protein motif (10) , was originally associated with Gram-negative bacteria, where it was shown to be involved in conferring resistance to tellurite and toxic xenobiotic compounds. However, S. coelicolor does not exhibit resistance to tellurite (11) . In addition to S. coelicolor, other actinobacteria, Firmicutes, and Proteobacteria, as well as primitive eukaryotes such as amoebas and diatoms, have genes with TerD-like motifs. The presence of TerD domain-encoding genes in a wide range of microorganisms suggests that these genes provide a selective advantage in the natural environment, and it has been proposed that tellurite resistance was a consequence of another undetermined biological function and was not the principal role of this class of proteins (10, 12) .
While the function of S. coelicolor tdd genes remains enigmatic, several tdd genes appear to be involved in morphological differentiation. For instance, it was demonstrated that deletion or overexpression of tdd7, tdd8, or tdd13 affected morphological differentiation or spore production in S. coelicolor (11, 13) . A strain with a deletion in tdd8 (SCO2368) produced long chains of short spores with a dense spore wall, while a strain overexpressing tdd8 produced very few spores of irregular shapes and sizes (11) . Several studies also suggest that Tdd8 abundance is modulated in response to different stress conditions such as nitrogen deficiency (8) , ethanol shock (5) , and growth in the presence of plant extracts (6) . Tdd8 is one of the most abundant proteins of the S. coelicolor proteome (7) and secretome (6, 14) . Tdd8 was overproduced even during the transition phase in cells undergoing programed cell death (2) . As several Tdd proteins, including Tdd8, exhibit calcium binding properties, it has been suggested that these proteins may play an important role in calcium homeostasis (10, 12) . Whereas the role of calcium in signal transduction is well established in eukaryotes, it is still elusive in prokaryotes. Nevertheless, Cy3-dCTP were added. The reaction mixtures were incubated in the dark at 25°C for 10 min, to allow primers to anneal, and then at 42°C for 4 h.
Genomic DNA labeling. DNA of S. coelicolor M145 was extracted according to the procedure described by Kieser et al. (16) . Fluorescently labeled genomic DNA (gDNA) was generated using 2 to 3 g DNA that was added to 3 g random primers in a total volume of 41.5 l and was denatured at 95°C for 5 min. A 1-l volume of a dNTP mixture (5 mM dATP, dGTP, and dTTP and 2 mM dCTP), 1.5 ml Cy5-dCTP, 5 l Klenow DNA polymerase buffer, and 1 l of Klenow polymerase (5 U/l) were added to the DNA solution, and the mixture was incubated overnight at 37°C in the dark. The labeled samples were purified through the use of a MiniElute PCR purification kit (Qiagen).
Microarray hybridization and data processing. S. coelicolor M145 genome arrays (format 2 ϫ 105K OGT v3 microarray; Agilent Technologies), designed by Oxford Gene Technology in collaboration with Colin P. Smith's team at the University of Surrey (United Kingdom), were used in this study (17) . The cDNA synthesis and labeling and genomic DNA labeling were done as previously described (http://www.surrey.ac.uk/fhms /microarrays/Downloads/Protocols/Strep_hyb_protocol_1005.pdf). For hybridization in a microarray, 40 pmol of Cy3 and 30 pmol of Cy5-labeled cDNA and gDNA (respectively) in a total volume of 104 l were mixed with 26 l of Agilent blocking buffer and 130 l of 2ϫ hybridization buffer (oligonucleotide aCGH hybridization kit; Agilent Technologies) and denatured at 95°C for 3 min. After loading of the labeled samples on the OGT v3 microarray, the slide was placed in a hybridization chamber (Agilent Technologies) and rotated at 20 rpm for 40 h at 65°C. Each slide was washed into Wash 1 oligonucleotide cGH buffer (Agilent Technologies) for 5 min and then successively transferred into warm (37°C) Wash 2 oligonucleotide cGH buffer (Agilent Technologies) for 1 min, an acetonitrile-filled container for 1 min, and a drying and stabilization solution (Agilent Technologies) for 30 s.
Microarrays were scanned at 532 nm for the Cy3 channel and 635 nm for the Cy5 channel with a Agilent DNA microarray dual-laser scanner. The resulting images were processed using Agilent Feature Extraction software (v 9.1, Agilent Technologies) and the default protocols except that "no within-array normalization" and background correction were used. The feature extraction output files were imported into R (software programming language) (version 2.5.0; http://www.R-project.org) and normalized using the LIMMA package (18) ; global median within-array normalization followed by "scale" across-array normalization was applied to the log 2 [cDNA/gDNA] ratios of the expression arrays. Flagging of poor-quality spots was performed (19) , and probes were filtered out of the data set if they did not yield a good-quality spot across gene expression data sets. Probes targeting the coding regions of a gene were averaged such that each annotated protein-encoding gene of S. coelicolor was represented by a single value. The averaged data sets from two independent experiments were then analyzed for differential levels of expression in strain M145 and the ⌬tdd8 strain using rank product analysis at P Ͻ 0.01.
Bioinformatics. Potential regulatory motifs were predicted with a two-step MEME search. The MEME program (20) is a tool for motif discovery resulting in an output of a position-specific scoring matrix (PSSM) representing the predicted motif. The input for the MEME search was built using 300-bp upstream sequence segments of a subset of genes identified by transcriptomic analysis. The PSSM for the predicted binding box was then used to search all the upstream sequences of genes in the entire S. coelicolor genome using the MAST algorithm (20) , and only motifs with an E value of Ͻ10 were considered.
RT-qPCR. The expression of several genes of interest was investigated under various growth conditions. RNA was extracted from strain M145 and ⌬tdd8 strain cultures as described above. cDNA synthesis was carried out on 2 g of RNA using a SuperScript III first-strand synthesis system for RT-PCR (Invitrogen) according to the manufacturer's specifications. Primers used for reverse transcription real-time quantitative PCR (RTqPCR) are listed in Table 1 . Real-time PCR was run on a Stratagene Mx3000P system (Agilent Technologies Inc.). Reaction mixtures con-tained 2 l of 10ϫ-diluted cDNAs with 10 l of iTaq universal SYBR green Supermix (Bio-Rad) and 1 M primers in a final volume of 20 l. For each condition, three biological replicate samples were analyzed in duplicate. The thermal profile was as follows: an initial stage at 95°C for 3 min, a second stage of 35 cycles at 95°C for 10 s and 60°C for 30 s, and a final dissociation step from 60°C to 95°C to confirm the absence of primer dimers. The gyrA reference gene (SCO3873) was used in all RT-qPCR studies as an internal control since its expression levels remained constant under all tested conditions (data not shown). The effects of the presence of Ca 2ϩ or the developmental stage on gene expression in strain M145 and the ⌬tdd8 strain were calculated relative to gyrA expression using the following threshold cycle (C T ) formula: 2 Ϫ(CT target gene Ϫ CT gyrA) (⌬C T method). Statistix 9 software was used to determine significantly statistically different groups by analysis of variance (ANOVA) followed by a least significant difference (LSD) test. The effect of stress on gene expression in the wild strain was determined using the ⌬⌬C T method (21) . Fold changes were calculated and analyzed with REST 2009 software (22) .
NAD/NADH ratio quantification. The ratios of NAD and its reduced form (NADH) were determined on cell extracts with a NAD/NADH quantitation kit (Sigma-Aldrich). S. coelicolor cultures were sampled at the onset of Red production and after 66 h of growth, and the cells were then pelleted (10,000 ϫ g). Cell extracts were obtained according to the manufacturer's instructions. Two samples of each culture were analyzed, and the experiment was repeated three times.
Intracellular free calcium concentration measurements. The concentration of free intracellular Ca 2ϩ ([Ca 2ϩ ] i ) was monitored using the calcium-sensitive fluorescent indicator Fura-2 acetoxymethyl (AM) (ATT Bioquest). Strain M145 and the ⌬tdd8 strain were grown in R5Ϫ medium supplemented or not supplemented with CaCl 2 or SNP (see the description of the growth conditions for details). Culture samples (3 ml) were taken at the visual onset of Red antibiotic production (Red onset) and washed twice by centrifugation in 100 mM KCl-30 mM MOPS (morpholinepropanesulfonic acid) solution buffer, pH 7.2. Fura-2 AM (5 M final concentration) was added to the cell suspension and incubated at 30°C for 60 min. For Fura-2 excitation, cells were illuminated at two alternating wavelengths, 340 and 380 nm, and emitted light was monitored at 530 nm (23-25) using a PTI spectrofluorometer equipped with Felix32 software. The [Ca 2ϩ ] i calculation was based on a standard curve for Fura-2 made using a calcium calibration buffer kit (Biotium) following the manufacturer's instructions. The experiments were performed with four biological replicates.
RESULTS
Deletion of the tdd8 gene modifies the transcriptome profile of S. coelicolor. As growth kinetics differed within strains ( Fig. 1) , the transcriptomes of strain M145 and the ⌬tdd8 strain were compared at the visual onset of Red production, which corresponds to the transition period between the compartmentalized-mycelium (first mycelium) and multinucleated-mycelium (second mycelium) states in a liquid culture (3, 4) . To ensure that the differences observed in the microarray experiments were not simply due to differences in the growth stages, microarray results were validated for several genes by performing RT-qPCR on cDNA from bacteria of the wild and deletion strains sampled at the onset of Red production (Table 2 ) and at different time points (Fig. 2) . Microarray analyses revealed that the transcriptome profile of the deletion SCO1236  SCO1236F  CCGCGCACGAGGTGTCAAGCTCAAT  SCO1236R  TTGCGTCCGGAGGACATGAGTTCGC   SCO1674  SCO1674F  GGCACGAGTTCGGGTTC  SCO1674R  CCACGTCCACCGTGTTG   SCO3873  SCO3873F  GCGACGACCGCAAGACCAAGCTGAT  SCO3873R  TGACGACGATGTCCTCCTCGGCGAT   SCO3945  SCO3945F  CAGGTCTTCCACAGCTTCTC  SCO3945R  CACCGGGATGTGCTTCTT   SCO4159  SCO4159F  GACGACGTACTGCTCGACAC  SCO4159R  TCGGCCTTCTCGGACTTATC   SCO5147  SCO5147F  AGGTCTTCGTCCGTGTCT  SCO5147R  GCACCATGTCGAGGAAGAG   SCO6102  SCO6102F  GAGATCGCGGTCTTGAACT  SCO6102R  GAGATCATCGACGGCACAC   SCO7427  SCO7427F  GACGAAGTTCACCGACCTG  SCO7427R  GGCCAGTGGTTCGTCAC   SCO7428  SCO7428F  CCGTATCTCGCACAAGCA  SCO7428R ATCAGCCAGTAGACCTCGT strain was significantly altered at this growth stage. Compared to the wild strain, a total of 267 genes showed differential (either upor downregulated) levels of expression at the onset of Red biosynthesis in the ⌬tdd8 strain (see Table S1 in the supplemental material). Upregulated genes included the gene cluster responsible for calcium-dependent antibiotic production (SCO3210 to SCO3222 and SCO3227 to SCO3249) and two conserved operons (cvn7 and cvn9) of unknown function. Several genes that are known to be involved in morphological differentiation and sporulation were differentially expressed in the ⌬tdd8 strain (Table 3) . For example, expression of most chaplin genes, coding for proteins forming a filamentous sheath on aerial mycelium and spores, was increased in the ⌬tdd8 strain at the onset of Red production. Furthermore, wblA and sapA, encoding spore-associated proteins, as well as a whiB-like gene, were overexpressed in the absence of Tdd8 (Table 3) .
Redox homeostasis is impaired in the ⌬tdd8 strain. The genome sequence of S. coelicolor reveals a number of genes related to those of facultative anaerobes that are involved in adaptation to anaerobic conditions and growth under O 2 -limiting conditions (26) . Several of these genes were upregulated in the ⌬tdd8 strain at the onset of Red biosynthesis. Table 4 shows the list of these genes, their probable functions, and their characteristics.
Two gene loci located in an arm region of the chromosome were clearly upregulated in the ⌬tdd8 strain at the visual onset of Red biosynthesis. The first region is located between SCO0161 and SCO0181 and the second between SCO0197 and SCO0220. Of the 21 genes in the first locus (SCO0161 to SCO0181), 17 were more expressed in the deletion mutant (Table 4 ). This first locus includes a gene encoding the Crp/Fnr-like transcriptional regulator (SCO0168), a putative alcohol dehydrogenase (SCO0179), five universal stress protein (USP) genes (SCO0167, SCO0172, SCO0178, SCO0180, and SCO0181), a nitroreductase gene (SCO0162), cystathionine ␤-synthase (CBS)-domain encoding genes (SCO0169 and SCO0170), and a gene coding for a probable pyridoxamine 5=-phosphate oxidase (SCO0174).
In the second locus, 20 of 24 genes were upregulated in the ⌬tdd8 strain (Table 4) . This locus includes orthologs of the respiratory nitrate reductase genes (SCO0216 to SCO0219) of Bacillus subtilis along with SCO0213, a gene sharing similarity with narK2 of M. tuberculosis that encodes a nitrate/nitrite transporter. It also includes genes sharing sequence similarity with dosS, dosR, and dosT of M. tuberculosis (SCO0203, SCO0204 and SCO0211), a two-component regulatory system responding to a reduced respiratory chain. Several genes of this second locus were related to those found in the first one: a putative alcohol dehydrogenase gene (SCO0199), a putative nitroreductase gene (SCO0215), genes encoding proteins with USP motifs (SCO0198 and SCO0200), a CBS motif (SCO0210), or a pyridoxamine 5=-phosphate oxidase motif (SCO0197 and SCO0214). Several genes of these two loci have orthologs found in M. tuberculosis, where they have been shown to be regulated by DosR (DevR) in response to hypoxia and NO (28) .
To ensure that the differential levels of expression of the gene loci were not due to the differences in the growth rates between the strains, the levels of expression of two genes of each locus (SCO0171, SCO0174, SCO0215, and SCO0212) and of ureA (SCO1236), a gene involved in nitrogen metabolism, were determined by RT-qPCR at different time points during the growth of both strain M145 and the ⌬tdd8 strain. While the expression of genes SCO0171, SCO0174, and SCO0215 peaked at the visual onset of Red production in both the wild strain and the mutant, these genes were substantially overexpressed in the ⌬tdd8 strain (Fig. 2) . SCO0212 was also clearly overexpressed in the ⌬tdd8 strain not only at the onset of Red production but also in other developmental stages (Fig. 2) . These data indicate that the overexpression of the two gene clusters in the deletion mutant is attributable to the loss of Tdd8. The slight differences in ureA expression levels observed between strains might, however, be attributable to their respective growth rates (Fig. 2) .
Other genes located outside the two loci, but also possibly involved in "redox stress responses," were upregulated in the ⌬tdd8 strain. This is the case for SCO7310, a gene encoding a member of the Crp/Fnr transcriptional regulators; the cydABCD operon; the succinate dehydrogenase/fumarate reductase gene; and orthologs of the B. subtilis nsrR and hmpA1 regulation system that are implicated in NO detoxification (30) . The latter genes and the two loci described above may represent a cluster of genes that responds to redox stress. Consequently, the effect of redox stress on the expression of 11 selected genes of the putative redox stress response cluster (8 genes of the redox stress response loci, tdd8, and 2 genes located outside the loci) was analyzed in S. coelicolor M145 cultures.
The differential levels of expression of these 11 genes between M145 cultures grown under stress or control conditions are shown in Table 5 . Hypoxia and SNP, a NO donor, induced expression of all the genes tested. In contrast, hypoxia and the nitrosative stress had a significant negative effect on tdd8 expression (Table 5) .
Upregulation of genes associated with the putative redox stress response cluster in the ⌬tdd8 strain suggests that the deletion of tdd8 causes a redox imbalance in S. coelicolor. The values determined for the NAD/NADH ratio, an indicator of redox status in the bacterial cells, differed at the onset of Red production within the ⌬tdd8 strain and M145, suggesting that there is indeed a redox imbalance. The ratio was significantly lower in the ⌬tdd8 strain (1.01 Ϯ 0.18) than in the wild strain (5.23 Ϯ 0.79). After 66 h of growth, the NAD/NADH ratios were low for both strains (1.55 Ϯ 0.19 and 1.30 Ϯ 0.05 for strains M145 and the ⌬tdd8 strain, respectively).
Identification of a DosR-like binding motif in several genes of the S. coelicolor redox stress response gene cluster. The presence of two gene loci where most genes were simultaneously upregulated suggested the presence of common binding sites in the promoter regions for these genes. Several of these predicted gene products also share sequence similarity with those of M. tuberculosis that belong to the DosR regulon. A putative binding motif search using the upstream sequences of genes upregulated within the two genetic loci whose data are presented in Table 5 (see Table  S1 in the supplemental material) revealed a regulatory motif with a 5=-GGGNCG inverted repeat separated by 2 bp of nonconserved sequences. This motif is similar to the DosR consensus target site of M. tuberculosis, consisting of a conserved 5=-GGGNCNNNNG NCCC upstream sequence (27, 31, 32) . In S. coelicolor, this putative binding motif occurs in 19 intergenic regions upstream from 22 genes within the two loci (Fig. 3) , supporting the hypothesis that these genes belong to a functional cluster possibly responding to a redox imbalance and under the control of the DosR-like (SCO0204) regulator. When all upstream sequences of open reading frames (ORFs) of the S. coelicolor genome were screened for the presence of the DosR-like binding motif using the MAST algorithm (with E value Ͻ 10), more than half (11/16) of the identified sites were located in the two redox stress response loci.
Tdd8 indirectly regulates the DosR regulon through its involvement in calcium homeostasis. As Tdd8 shows calciumbinding properties, the levels of free intracellular calcium content were compared between strain M145 and the ⌬tdd8 strain using Fura-2 AM, a membrane-permeable fluorescent dye (23) , at the visual onset of Red biosynthesis in R5Ϫ medium. The intracellular free calcium concentration was significantly lower in the ⌬tdd8 strain (14.0 Ϯ 7.6 nM) than in the wild strain (75.4 Ϯ 5.5 nM) (Fig. 4) . Significant increases were observed in the wild strain and the ⌬tdd8 strain (116.5 Ϯ 11.8 nM and 77.6 Ϯ 7.6 nM, respectively) when an exogenous supply of calcium was added to the R5Ϫ medium (Fig. 4) . The effect of NO on calcium homeostasis was determined by growing the strains in the presence of SNP. In the presence of the NO donor, the intracellular free calcium concentration significantly decreased in strain M145 but still was significantly higher than in the ⌬tdd8 strain grown in the absence of SNP. This compound causes an increase of the intracellular free calcium concentration in the deletion mutant (Fig. 4) .
The effect of an addition of exogenous calcium on the expression of the redox stress response genes listed in Table 3 and two developmental genes (SCO1674 and SCO5147) ( Table 2 ) was determined in both the ⌬tdd8 strain and strain M145 at the onset of Red biosynthesis. The level of transcription was significantly higher in the ⌬tdd8 strain than in the wild strain for all genes tested (Fig. 5) in the R5Ϫ medium. In the ⌬tdd8 strain, addition of calcium significantly reduced the expression of all genes tested, with the exception of the two developmental genes chpC and sigE (SCO1674 and SCO5147) and genes nsrR and hmpA1 (SCO7427 and SCO7428), where no DosR-like binding motif is observed. The level of transcription of genes SCO0162, SCO0168, SCO0171, SCO0174, SCO0204, SCO0212, SCO0215, and SCO0216 in the ⌬tdd8 strain grown in R5ϩ medium was similar to that observed in wild M145 grown in R5Ϫ medium. Growth of M145 in the presence of a higher calcium concentration did not affect gene expression or affected it only slightly. The effect of various calcium concentrations (0 M, 1 M, 5 M, and 9 M) on the expression of the tdd8 strain was also determined in M145 at the onset of Red biosynthesis. No significant expression differences between treatments were observed (data not shown).
DISCUSSION
Little information is available on the role and function of tdd genes in S. coelicolor, but Tdd8 shows calcium binding properties (http://www.rcsb.org/pdb/explore.do?structureIdϭ3ibz), and it has been suggested that Tdd proteins may play an important role in calcium homeostasis (10, 12) . The evidence derived from this study supports the hypothesized role of Tdd8 in calcium homeostasis. Indeed, the ⌬tdd8 mutant is unable to accumulate the same intracellular level of free calcium concentration as is observed in the wild strain when grown in a poor calcium medium. Furthermore, the free intracellular calcium concentration in the ⌬tdd8 strain differed from that in the wild strain grown in a culture medium supplemented with calcium. The fact that the free intracellular calcium concentration is lower in the ⌬tdd8 strain than in the wild strain suggests not only that Tdd8 physically binds Ca 2ϩ but also that the protein participates in calcium homeostasis. Divalent cations are critical to several physiological functions, and it is therefore likely that their deregulation can explain the pleiotropic effect caused by deletion of tdd8. Since Ca 2ϩ is known to promote sporulation (and germination) (33), the sporulation defects observed in the ⌬tdd8 strain (11) and the differential levels of expression of several genes involved in S. coelicolor differentiation may also reflect a deregulation of calcium homeostasis. Nevertheless, a supply of calcium did not affect the expression of genes such as chpC and sigE that are involved in morphological development. The biological function of tdd8 may thus depend not only on calcium binding ability but also on posttranslational modifications. Proteomics studies highlighted the production by S. coelicolor of phosphorylated and methylated isoforms of Tdd8 (34, 35) . Modulation of tdd8 expression affected transcription of cabC, which encodes another calcium-binding protein. Disruption of cabC also resulted in sporulation defects (36) equivalent to those observed in the ⌬tdd8 strain. Overexpression of cabC in the dele- tion mutant might therefore represent a compensatory response to the absence of Tdd8. The most striking observation at the onset of Red production was, however, the fact that several genes involved in the redox stress response were overexpressed in the ⌬tdd8 strain. Most of these genes were located in two distinct loci, and their respective promoter regions possess a DosR-like binding motif. These include the DosS-like (SCO0203), DosR-like (SCO0204), and DosT-like (SCO0211) genes which represent orthologs of M. tuberculosis, where DosS and DosT act as sensors of redox stress (induced by respiration-impairing gases such as NO) and hypoxia for the DosR transcriptional factor (37) . Interestingly, proteome comparisons in S. coelicolor populations of small and large pellets revealed that proteins encoded by genes flanking the dosR-like gene (SCO0204) were overrepresented in large pellets, where a higher level of oxygen stress is assumed to occur (38) . In Mycobacterium spp., DosR controls the expression of genes necessary for dormancy survival (32, 37) . Nitroreductase genes, CBS motifcontaining genes, and pyridoxamine 5=-phosphate oxidase genes belong to the DosR regulon in M. tuberculosis (28) , and similar genes were found in multiple copies in the two loci identified in this study. A remarkable redundancy of USP genes was detected in these loci. Such genes are also present in several bacterial genomes where they appear to be involved in survival under anoxic conditions (39) .
Although S. coelicolor cannot grow in the total absence of oxygen, the bacterium is capable of microaerobic growth and can even survive several weeks under conditions of strict anaerobiosis (26) . The expression of S. coelicolor genes containing a DosR-like binding motif responded to the same external stimuli (hypoxia and NO) as the M. tuberculosis DosR regulon (28, 31) , indicating that the DosR-like regulon of S. coelicolor is also probably involved in adaptation to redox stress. Interestingly, gene SCO0212 located in the second locus and lacking the DosR-like binding site showed an expression profile that differed from the profiles of the other genes of the loci (Fig. 2) . No difference was observed between the wild strain and the ⌬tdd8 strain in terms of resistance to oxygen stress, whereas the ⌬tdd8 strain appeared more sensitive than strain M145 to a stress induced by SNP in the absence of calcium (see Fig. S1 and S2 in the supplemental material). This last observation was unexpected, since both low-oxygen-and SNP-induced stresses resulted in reduced transcription of tdd8.
Although genes with a DosR binding motif have been found in a variety of actinobacteria, including Rhodococcus spp., Nocardia farcinica, and Saccharopolyspora spp. (32) , this is the first report of a DosR like-regulon in a Streptomyces species. The DosR-like regulon of S. coelicolor appeared to belong to a larger redox stress response gene cluster since expression of some genes located outside the loci and lacking a DosR-like binding site, such as nsrR and hmp, which are responsible for sensing and detoxification of NO, concomitantly responded to the same stimuli (hypoxia and NO).
Expression of a redox stress response gene cluster in the ⌬tdd8 strain suggests a role for tdd8 in redox homeostasis. Sensing changes in the redox state can be directly detected in bacteria via interaction of O 2 , NO, or CO with heme-containing proteins or Fe-S proteins (40) . Tdd8 does not belong to these classes of proteins, and it is unlikely that it acts as a direct sensor for O 2 , NO, or CO. Changes in the redox state could, however, be indirectly sensed by pools of molecules within the cell that include metal ions, such as Ca 2ϩ (41) . It has been proposed that Ca 2ϩ acts as a second messenger by controlling membrane permeativity to protons (42, 43) . Ca 2ϩ signaling may also be involved in adaptation to various stress responses, as tdd8 expression or Tdd8 production is modulated under various stress conditions, including hypoxia (references 6, 7, and 8 and this work). The reduced expression of tdd8 in M145, when the strain was grown in R5Ϫ medium under conditions of nitrosative stress, correlated with the reduced free intracellular calcium concentration, providing further evidence for the role of Tdd8 in maintaining the intracellular calcium concentration when S. coelicolor cells are grown in poor-calcium medium. Interestingly, an extracellular calcium supply restored to the ⌬tdd8 mutant a level of intercellular free calcium similar to that associated with M145 in the R5Ϫ medium and concomitantly reduced the expression of the genes belonging to the DosR-like regulon. Addition of calcium in a ⌬tdd8 culture had, however, no significant effect on the expression of the nsrR and hmpA1 genes, which belong to the redox stress response cluster but not to the DosR-like regulon.
The high level of NADH present in ⌬tdd8 cells at the visual onset of Red biosynthesis indicates the need for the mutant to balance its redox status, but the wild strain also appeared to suffer (though at a lesser extent) from redox stress at the visual onset of Red biosynthesis because at least some genes with a DosR-like binding motif were specifically expressed at this developmental stage. This stage is characterized by growth arrest and programmed cell death prior to the appearance of the second mycelium (4) . It has been proposed that the growth arrest could be triggered by local oxygen depletion in the developing mycelium (2) . Expression of the DosR-like regulon at the onset of Red production supports this hypothesis. Furthermore, overproduction of Tdd8 in cells undergoing the programmed cell death (2) as well as the overexpression of the putative redox stress response cluster in the ⌬tdd8 strain at the onset of Red synthesis suggests not only a role for Tdd8 during growth under conditions of specific environmental stresses but also a role in the proper morphological development of S. coelicolor. The role of the DosR-like regulon in the morphological differentiation process of S. coelicolor is under investigation.
This work brings evidence that Tdd8 plays a significant role in calcium homeostasis even if the mechanism of action remains elusive. Despite the fact that very little is known about calcium signaling in prokaryotes, this report suggests the presence of calcium regulation by Tdd8 for redox stress adaptation in S. coelicolor.
